A novel method for automatically monitoring the preload degradation of linear guideway type (LGT) recirculating linear ball bearings of an X-Y table is proposed. Both simulations and experiments revealed that the reduction in the natural frequency corresponding to the yawing mode of the worktable was extremely sensitive to and varied linearly with the degradation of the LGT linear bearing preload. By attaching three accelerometers to the worktable of a machine tool and then exciting the worktable with a pulse from the servo motor of a feed drive, this study identified the natural frequencies of the worktable and their corresponding mode shapes by using operational modal analysis (OMA). Among all the natural frequencies obtained by OMA, the natural frequency corresponding to the specific yawing mode of the worktable was extracted using the modal assurance criteria, and the change in the extracted frequency was tracked; thus, the degradation of LGT linear bearing preload could be monitored automatically without exciting the worktable manually. In this study, the performance of this method was assessed experimentally, and this paper presents the method in detail.
Introduction
With the advantages of less abrasion and almost no stick slip, linear motion rolling bearings are widely used instead of sliding guides in applications such as machine tools, robots, and measuring systems (Kasai et al., 1987 (Kasai et al., , 1988 . Preloads in linear guideway type (LGT) recirculating linear ball bearings are created by squeezing oversized balls into ball tracks to create elastic deformation on the balls and ball grooves. The increasing rate of deformation for either a ball or ball track declines as the preload increases uniformly. Therefore, for deformation, it is advantageous to let the preloaded LGT ball bearing operate above the inflection point of the load-deformation curve of the guideway in order to enhance the rigidity of the linear guides. Moreover, preloaded LGT ball bearings eliminate the backlash caused by the manufacturing clearance between balls and the ball track or by the deflection induced by external force; this plays a crucial role in a feed drive system demanding high positioning accuracy. By contrast, preloading increases friction and generates heat, which reduces the life expectancy of LGT ball bearings. Appropriate and constant preloads are basic requirements for an LGT feed drive system to retain its reliability for rigidity and positional accuracy.
LGT ball bearing wear caused by long-term operation eventually leads to preload loss, which occurs much earlier than guideway fatigue does. Therefore, detecting the preload loss and then maintaining the preload is essential, especially in machine tools designed for high speed and high accuracy. Traditional methods for measuring the preload of LGT ball bearings require removing the worktable from the ball screw feed drive system, which is inconvenient for machine tools operating in factories. This paper proposes a novel methodology for automatic online monitoring of the preload degradation of LGT recirculating linear ball bearings in feed drive systems by evaluating worktable vibration characteristics.
Because of the demand for high speed in linear guideways, studies have been conducted to reduce the associated Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. noise and vibration (Yamada et al., 1986; Kasai et al., 1987; Ohta et al., 2010) . Vibration of the carriages of preloaded recirculating linear ball bearings is dominated by the ball-passing frequency caused by ball circulation (Kasai et al., 1987 (Kasai et al., , 1988 . Ye et al. (1988) used experimental modal analysis (EMA) to confirm the existence of rigid-body natural vibrations in the stationary carriages of LGT recirculating linear ball bearings. Ohta and Hayashi (2000) showed that the overall levels of vibratory velocity of LGT recirculating linear ball bearings are affected by the preloads. They concluded that the main vibration peaks measured for a carriage moving at a constant speed were caused by the lower rolling, yawing, pitching, vertical, higher rolling, and flexural natural vibrations of the carriage. They also derived explicit expressions for the natural frequencies of a rigid carriage in terms of carriage size, mass, moment of inertia and stiffness. For the natural vibrations of an LGT recirculating linear ball bearing, Schneider (1991) proposed a physical model using springs to simulate the elastic contact between balls and the raceway for the carriage of an LGT recirculating linear ball bearing with a 45° contact angle. Ohta (1999) further revised the frequency formula for the rigid-body natural vibrations of an LGT recirculating linear ball bearing with an arbitrary contact angle; they concluded that the preload affects the vibration characteristic of the ball bearing. However, how to monitor the preload loss of
LGT linear ball bearings without removing the worktable still remains to be addressed. This paper presents a novel methodology for automatically monitoring the preload degradation of LGT recirculating linear ball bearings in a feed drive system. By attaching accelerometers on the worktable of a feed drive system and exciting the worktable with a pulse from a servo motor, we can identify the natural frequencies of the worktable and the corresponding mode shapes by using operational modal analysis (OMA; Peeters et al., 2004) . Subsequently, without removing the worktable, the degradation of the preload of the LGT recirculating linear ball bearing can be monitored by tracking the change in one of the worktable's natural frequencies.
The remainder of this paper is structured as follows: Section 2 presents the process involved in identifying the natural frequency that is most sensitive to a preload change and then using this frequency as the target frequency for monitoring the preload degradation. Section 3 briefly reviews the theoretical background of OMA. In Section 4, the natural frequencies of the worktable identified using OMA are validated through comparison with those identified through EMA. Section 5 describes the proposed methodology of automatically monitoring the LGT preload degradation, as well as details of an experimental assessment of its performance.
Sensitivity analysis of worktable natural frequency to LGT preload changes
The natural frequencies of a worktable, including its flexural modes, depend on its own mass and stiffness, the ball screw shaft stiffness and mass, as well as the stiffness from both the LGT recirculating linear ball bearing and the machine bed that supports the feed drive system. However, the natural frequency corresponding to the rigid-body modes of the worktable (e.g., the pitching, yawing, and rolling modes) is dominated by the worktable mass and the stiffness from the LGT recirculating linear ball bearing. The natural frequencies of the flexural modes of the worktable should be considerably higher than those of the rigid-body modes. Moreover, the stiffness of the ball screw shaft has a weaker effect on the natural frequency of the worktable than the LGT recirculating linear ball bearing does. Therefore, the objective of this study was to estimate the stiffness of LGT recirculating linear ball bearings by measuring the natural frequency associated with the rigid-body mode of a worktable that has a fixed mass.
To explore the stiffness of LGT recirculating linear ball bearings, several physical models that simulate contact between the raceways and balls using springs have been developed, including explicit formulas that estimate the natural frequencies of a single LGT carriage, (e.g., the pitching, vertical, and yawing natural vibrations; Ohta and Hayashi, 2000) . This demonstrates that the natural frequencies of a single rigid carriage are proportional to the square root of the stiffness constant of the recirculating linear ball bearing. Traditionally, four carriages support a worktable in a feed drive system; therefore, it is reasonable to state that a change in the natural frequency corresponding to the rigid-body mode of a worktable correlates with the variation in LGT stiffness caused by the preload degradation. However, this hypothesis requires validation, and the sensitivity of the natural frequency to varying preloads of the LGT linear ball bearing must also be investigated. Therefore, in this study, two issues were addressed: (1) Which natural frequency of the rigid-body modes of the worktable is most sensitive to a preload change, and (2) how can the variation of this specific natural frequency caused by the preload change be used to monitor the preload loss.
The finite element method (FEM) was used to determine the worktable vibration mode that is most sensitive to the change in the preload of the LGT linear bearing. However, the finite element model requires experimental validation Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. before it can be used to numerically determine the relationship between the natural frequency of a worktable and preload change. To accomplish this task, an X-Y table consisting of two ball screw feed drive systems ( Fig. 1(a) ) was built, with the specifications listed in Tables 1 and 2 . The natural frequency of the worktable was initially identified using traditional EMA when the worktable was at the midspan of each axis between two support bearings. The worktable had 29 measuring positions ( Fig. 1(b) ), arranged when EMA was conducted. Signals from the force transducer (PCB 084B03) of the impact hammer (PCB 086B03) and the three-axis accelerometer (PCB 356A02) on the worktable were fed simultaneously into the frequency analyzer, and the resulting frequency response functions (FRFs) were constructed. The natural frequencies of the worktable and their corresponding mode shapes were obtained in postprocessing using the commercial software ME'scope. Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00480] Regarding the simulation, a finite element model of the feed drive system, which is shown in the upper part (i.e., the y-axis) of the X-Y table in Fig. 1(a) ), was created using ANSYS ( Fig. 2(a) ). The model was meshed using 57,742 hexahedral elements with 226,328 nodes. The material properties are outlined as follows: Young's modulus E = 206
GPa, density  = 7800 kg/m 3 , and Poisson ratio  = 0.29. The ball screw nut and two linear guideways are fixed to the worktable. Both support bearings are fixed in all directions, except that one of them is free only in the longitudinal direction (i.e., the worktable traveling direction or y-direction), as presented in Fig. 1 . Notably, the worktable travels in the z-direction in the finite element model, which is different from that in Fig. 1 Four LGT carriages fixed under the table are connected to the guideways with springs. According to the LGT supplier, the LGT linear ball bearing of the X-Y table is lightly preloaded, (i.e., nominally 67.5 N/μm; contact angle  = 45; length of the load zone lL = 58 mm). Figure 3 illustrates the LGT linear ball bearing and the spring simulating contact between each side of the LGT carriage and linear guideway in ANSYS. Notably, the LGT linear ball bearing has a stiffness of 67.5 N/μm, according to the supplier; however, this was adjusted to 81.675 N/μm in ANSYS to fit the natural frequency more closely to those obtained through EMA. To verify whether this 21% stiffness increase is also valid for other preloads, a heavy preloaded LGT carriage with a nominal stiffness of 100 N/μm, according to the same Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. supplier, was also increased by 21% to 121 N/μm in ANSYS. In Table 3 , the natural frequencies corresponding to the rigid-body modes of the worktable obtained using ANSYS for lightly and heavily preloaded LGTs are compared with those obtained using EMA. The difference between the simulation and experiment was less than 1% for both lightly and heavily preloaded LGTs, demonstrating that the stiffness adjustment was reasonable and that this finite element model was adequate for subsequent analysis of the sensitivity of the natural frequency to the change in the LGT preload.
(a) (b) Fig. 3 (a) LGT linear ball bearing; (b) model simulating contact between LGT carriage and linear guideway in ANSYS. After experimental validation, the finite element model was applied to conduct simulations for lightly preloaded LGTs, and the resulting rigid-body modes of the worktable are illustrated in Figs. 2(b)-(d) , where the yawing, rolling, and pitching modes can be clearly distinguished. Moreover, the natural frequency corresponding to the rigid-body modes were calculated for three different LGT preloads: 121 N/μm for heavy, 105.875 N/μm for medium, and 81.675 N/μm for light; the natural frequencies of the yawing mode for the heavily and lightly preloaded LGTs were validated experimentally. Table 4 presents a comparison of the natural frequencies for these three different preloads. This table indicates that the natural frequency corresponding to the yawing mode exhibited the largest change of 6.8% (from 603 to 562 Hz) as the LGT preload changed from heavy to light. Therefore, the natural frequency corresponding to the yawing mode was chosen to be the target frequency for monitoring the degradation of the LGT ball bearing preload.
According to the finite element model, Fig. 4 illustrates a plot of the natural frequency of the yawing mode of the worktable versus carriage stiffness (from 145.2 to 36.3 N/m); however, the finite element model was validated experimentally for only lightly and heavily preloaded LGTs. The gray region between the two dashed lines indicates Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00480] the range of possible preload variation (i.e., the region from light to heavy preloads). For further examination, variations in the natural frequency (fn) of the yawing mode caused by the preload change are illustrated in Fig. 5 , where keq is the carriage equivalent stiffness and keq represents its variation; the line with circles is approximated by a straight dashed line with a slope of 2.23. This figure indicates that a nearly 11% degradation of the preload (i.e., changing the preload from heavy to light in the LGT ball bearing stiffness) resulted in a 5% reduction of the natural frequency of the yawing mode of the worktable. 
Operational modal analysis
The previous section demonstrates that the natural frequency of the yawing mode of the worktable was extremely sensitive to and varied linearly with the degradation of the LGT linear bearing preload. Therefore, we propose that the degradation of the LGT linear bearing preload can be monitored by detecting the change in natural the frequency of the yawing mode of the worktable. Detecting the natural frequency was accomplished using OMA instead of the traditional EMA approach, because EMA requires a known excitation and is difficult to implement as an online detection method in factories.
OMA extracts the modal parameters solely from vibration response signals, thus rendering it distinct from traditional mobility-based modal analysis techniques that require input force information (Zhang et al., 2005) . Therefore, OMA is also called "ambient modal analysis" or "output only modal analysis." OMA has been used in civil engineering applications for a long time; for example, it has been used for determining the bridge natural frequency when the information of excitation is difficult to obtain (Andersen, 1997; Zaghbani and Songmene, 2009 ). In recent years, applications of OMA have extended to rotating machinery, as well as automotive and aerospace engineering, where extracting modal information using a traditional modal test can be very difficult or even impossible (Guillaume et al., 2003; Peeters et al., 2004) . Although performing OMA does not require input force information, the accuracy of modal information acquired from OMA strongly depends on the ambient excitation, (i.e., white-noise sequences). In practice, the excitation of mechanical structures is highly complex, and responses typically contain harmonic components, particularly for mechanical systems with rotating parts (e.g. pumps and turbines). Therefore, applications using the conventional OMA technique encounter difficulties in correctly identifying modal parameters; this is due to the influence of nonrandom forces. In recent years, researchers have proposed an improved OMA method that is based on transmissibility measurements and does not require any assumptions about the nature of system excitations (Devriendt and Guillaume, 2008; Devriendt et al., 2009 
where k is the location of an excitation (Devriendt and Guillaume, 2008) . In practice, the common method for estimating transmissibility is to use an H1 estimator, given by
where Sjj(s) represents the autopower spectra from the reference output Xj(s) and Sij(s) represents the crosspower spectra between the output Xi(s) and reference output Xj(s). In general, the excitation is unknown and the transmissibility function can be expressed as follows:
where N is the total number of excitations applied to the structure, Fk(s) is the excitation at location k, and Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. where the asterisk * denotes a complex conjugate, Lkr denotes the modal participation factor, and r and ir denote the system's rth pole and its corresponding eigenfunction, respectively. If a structure is assumed to be in resonance, Eq. (4) can be reduced to , ) (
which becomes independent of the excitations Fk(s). The relationship revealed by Eq. (5) can be used to estimate the eigenfunctions or mode shapes.
To extract natural frequencies with high precision, the singular value decomposition (SVD) of a transmissibility matrix can be conducted (Araújo and Laier, 2014 
where the kth column represents the transmissibility between the output subject and the excitation at k. Conducting SVD on the transmissibility matrix T(s) yields
where both U and V are unitary matrices, and Σ is a rectangular diagonal matrix with nonnegative real numbers, that being the singular value j on the diagonal, expressed as .
While s is close to the natural frequency (i.e., near the system pole r), all columns of the transmissibility matrix T(s) become linearly dependent, and T(s) has a rank of 1. All the diagonal elements of  are close to 0 except for 1. In other words, the second singular value 2(s) should be close to 0. Consequently, the frequency corresponding to a peak in the spectra of the inverse of 2(s) is considered to be the natural frequency.
Natural worktable frequency identified using OMA
During the execution of OMA on the worktable ( Fig. 1(a) ), three 3-axis accelerometers (PCB 356A02) were attached to the worktable (Fig. 6 ) to identify the natural frequencies. The worktable was impacted randomly by an impact hammer, but only the signals from accelerometers were acquired through data acquisition (NI 9234) by using a sampling rate of 12800 Hz with a 1-s Hann window and 67% overlap. The natural frequencies of the worktable and the corresponding mode shapes were calculated according to transmissibility-based OMA, as described in the previous section, and coded using MATLAB. Figure 7 shows the singular value spectra that were obtained from OMA by using the displacement transmissibility measurements expressed in Eq. (6) followed by SVD according to Eq. (7). Curve fitting with 80 orders was applied to the singular value spectra, as denoted by the thick solid line, and the frequency corresponding to the peak evidently appears to be the natural frequency. Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00480] Table 5 presents a comparison of the first 10 natural frequencies identified by EMA and OMA. As shown in this table, the natural frequencies predicted by OMA agreed strongly with those predicted by EMA, with the difference in the first 10 modes being less than 1.2%, even though OMA did not include any information regarding the excitation. The mode numbers with superscript (y), (r), and (p), identified by EMA, represent the yawing mode, rolling mode, and pitching mode, respectively. Notably, the preloaded LGT recirculating linear ball bearing exhibited nonlinear behavior, but we attempted to obtain the best linear approximation when performing modal testing. Traditionally, the nonlinear behavior could be averaged by randomly exciting the structure over a wide variety of levels. However, because an insufficient number of accelerometers were used for OMA in this specific case, identifying the mode shape was difficult. Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00480]
Methodology and implementation of automatic preload monitoring
As determined in the previous section, the natural frequency corresponding to the worktable yawing mode was the best candidate for monitoring the degradation of the linear bearing preload; this is because among all the natural frequencies of the rigid-body modes of the worktable, this frequency was the most sensitive to the change in the preload of the LGT ball bearing. How to automatically extract this specific frequency among all the natural frequencies identified by OMA is addressed in this section.
Notably, choosing the natural frequency of the yawing mode based on its order in the natural frequencies of the worktable is unreliable because mode switching due to the preload degradation during a long operation may occur. To overcome this problem, the target natural frequency was identified from all the natural frequencies by comparing its corresponding mode shape with the reference yawing mode shape according to the modal assurance criteria (MAC) (Allemang and Brown, 1982; Allemang, 2003) . The MAC quantify the linear correlation between two mode shapes as follows:
where Nm is the total number of modes from OMA in a specific frequency range, and r and y are the reference and target yawing mode shapes, respectively. If r and y have a strong positive linear correlation, then Mr is close to 1; otherwise, Mr approaches 0. The location of accelerometers on the structure plays a crucial role in the detection of a specific mode. For sensing the specific worktable yawing mode, three accelerometers were intentionally arranged in a straight line along the x-direction on the worktable (Fig. 8(a) ), because a yawing mode is typically represented by the eigenvector r = [1, 0, 1]
T . In particular, the accelerations in the y-direction sensed by the first and last accelerometers were out of phase; that is, the natural frequency whose mode shape had the largest MAC to the reference yawing mode r was the target frequency for extraction. Under these circumstances, the natural frequency corresponding to the same yawing mode could be tracked consistently through a long-time monitoring process. Table 6 lists the natural frequencies of the worktable, mode shapes, and MAC, as derived from OMA. As shown in this table, the fifth mode had the largest MAC and was thus identified as the yawing mode, which agreed with the yawing mode identified by EMA (Table 5) . Through the use of the mode tracking method based on MAC, the same yawing mode could be monitored even for the possible occurrence of mode switching during a long-time operation. Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) To implement the proposed technique of monitoring the degradation of the LGT linear ball bearing preload, the final issue to be addressed was how to conduct OMA automatically without exciting the worktable manually. The idea was to excite the worktable using servo motors instead of manual impact in the feed drive system. Both servo motors in the X-Y table could be used to accomplish the task; however, the servo motor in the y-direction was utilized to demonstrate the feasibility of conducting OMA automatically. A chirp sine signal of 1 s in length issued from the controller was fed to the servo motor, and the worktable was excited through the ball screw shaft. Figure 8(b) shows the vibration power spectra derived using short-time Fourier transform in the y-direction from the middle accelerometer of the three-accelerometer setup (Fig. 8(a) ). The vibration power spectra exhibited a typical harmonic characteristic in excitation from a motor. Table 7 lists the first eight natural frequencies identified using OMA with the corresponding MAC. This table reveals that some of the first eight natural frequencies were different from those obtained by EMA. However, the yawing mode was identified to be the fifth mode (frequency = 566 Hz), because it had the greatest Mr value (0.915) among all modes. This natural frequency of the yawing mode that was targeted for monitoring the degradation of the LGT preload agreed strongly with that obtained by EMA. This thus confirms the feasibility of the proposed methodology that entails automatically monitoring the degradation of the LGT linear bearing preload by using OMA combined with MAC. Nevertheless, notably, the arrangement of accelerometers on the worktable and the servo motor used in exciting the worktable should be considered simultaneously in such cases to ensure that the target mode shape can be excited and detected. Tsai, Chih Chun Cheng and Yin Chun Cheng, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00480] 
Conclusions
This paper presents a novel method for automatically monitoring the degradation of the preload of LGT recirculating linear ball bearings in feed drive systems. Results from finite element analysis show that the change in the natural frequency of the yawing mode of the worktable was the most sensitive to the variation in the linear bearing preload, and that it also varied linearly with the change in the linear bearing preload. Therefore, the natural frequency of the worktable corresponding to this yawing mode was selected to be the target for monitoring the degradation of the linear bearing preload. To ensure that the natural frequency corresponding to the same yawing mode was tracked during a long-time operation, MAC were adopted to avoid selecting the wrong mode among all the natural frequencies because of possible mode switching. Three accelerometers were attached in a straight-line pattern to the worktable of a feed drive system, and the worktable was routinely excited with a pulse from the servo motor. The experimental results show that the natural frequency of the yawing mode that was identified through OMA combined with MAC agreed strongly with that identified through EMA. Through this proposed method, an automatic technique for monitoring the degradation of the preload of LGT linear ball bearings can be implemented.
